Background: Frailty, including low muscle mass, is an emerging risk factor for poor
| INTRODUCTION
Reduced muscle mass and physical function are increasingly being recognized as associated with limitations in functional reserve, frailty, and poor health outcomes in lung transplant patients. [1] [2] [3] [4] Reduced pretransplant muscle index as quantified by single-slice computed tomography (CT) is associated with a higher mortality rate and increased hospital length of stay (LOS) after lung transplant. 1 Furthermore, lower pretransplant psoas muscle mass has been linked to increased mechanical ventilation days, need for tracheostomy, and intensive care unit (ICU)
LOS after transplant. 3 The combined loss of skeletal muscle mass and of function defines sarcopenia. 5, 6 Decreased muscle mass and functional status are prevalent particularly in lung transplant candidates (35%) 2 and patients with chronic lung disease. 7 Sarcopenia is associated with frailty, poor surgical outcomes, prolonged need for mechanical ventilation, increased hospital cost, depression, decreased quality of life, increased risk of fall, nursing home residence, and a higher risk of death. [8] [9] [10] [11] [12] Sarcopenia among patients with end-stage lung disease leads to impaired exercise capacity, worse quality of life, and higher mortality rates. 13 Evaluation of patients with sarcopenia can be difficult as often physical function assessments are not accessible and the measurement of muscle mass requires advanced, expensive, and complex radiologic imaging techniques. 12 The imaging studies validated for muscle mass assessments include dual-energy absorptiometry, CT, and magnetic resonance imaging. 14 Most of the current nonradiologic measures of nutritional status (ie, body mass index [BMI] , serum albumin levels, pre-albumin levels, and physical examination) lack sensitivity and specificity to be used as surrogates for muscle mass, especially among patients who require lung transplant. 15 Researchers have therefore sought other laboratory markers as surrogate measures of muscle mass. Serum creatinine originates from skeletal muscle cells and is eliminated via the kidney. Low baseline serum creatinine value therefore has been proposed as an indicator of low muscle mass and is associated with significantly worse outcomes. [16] [17] [18] [19] In a recent report, Kashani et al 20 introduced the sarcopenia index (SI), a method to estimate muscle mass using the differential origin of two molecules that are cleared by the kidney (creatinine generated by skeletal muscle cells and cystatin C originating from all nucleated cells), 21, 22 assuming steady kidney function. The muscle mass estimation by the SI significantly correlated with the findings of abdominal CT among critically ill patients and demonstrated superior performance compared with serum creatinine alone in the estimation of muscle mass. 20 Given the promise of SI as a surrogate clinical marker for muscle mass and the importance of low muscle mass as a key element of identifying lung transplant candidates at risk of or with sarcopenia, we sought to evaluate the diagnostic performance of SI in this population.
| METHODS

| Participants and measurements
We retrospectively searched our patient database for the records of all adult recipients of a single lung, bilateral lung, or heart-lung trans- was computed as the ratio of the SA at the L3 level to body surface area.
| Definitions
The primary study aim was to assess the correlation between SI and SA. The secondary aims were to assess ICU, hospital, and 1-year follow-up mortality rates, duration of mechanical ventilation, and ICU and hospital LOS. Frailty Deficit Index was defined based on a 32-item scale that has been previously validated in the lung transplant population. 4, 27 Lung allocation score (LAS) was obtained at the time of lung transplant. 28 
| Statistical analysis
We summarized all demographic information as median and interquartile range (IQR) or mean (SD) for continuous variables, and as counts and percentages for discrete variables. We used the t test and chi-square test to compare means and proportions, respectively.
To evaluate the relevant differences in the secondary outcomes, we used the SI and SA as independent variables and each outcome as a dependent variable in separate t tests or chi-square tests (or their nonparametric version, when appropriate). All statistical analyses were performed with JMP software (version 10.0.0; SAS Institute Inc). For all analyses, P < .05 was considered statistically significant.
| RESULTS
We identified 117 recipients of single lung, bilateral lung, or heart-lung transplants during the study period. After application of eligibility criteria, 28 patients were included in the final analysis ( Figure 1) ; 15 (54%) were men, 27 (96%) were white, and the median age was 58 (IQR, 53-63) years ( Table 1 (Pearson r = .43; P = .02). Table 2 shows correlation of SA and SI with other surrogate scores and measurements.
We did not find statistically significant differences in average or proportion of any of the secondary outcomes (ICU, hospital, and 1-year follow-up mortality rates, length of mechanical ventilation, and ICU and hospital LOS) when the muscle mass measured by CT or estimated by SI was used as an independent variable (data not shown).
| DISCUSSION
To our knowledge, the current study is the first to show that SI, calculated using simultaneously measured serum creatinine and cystatin a large cohort of critically ill patients. 20 The SI potentially provides an estimate of muscle mass as a part of lung transplant evaluation. It would, indeed, be reasonable to evaluate the use of SI as a predictor of lung transplant outcomes in a larger cohort. This measurement is appealing because it is relatively noninvasive, easy to do, and inexpensive. In addition, trends in the SI could be followed during the pretransplant waiting period as a monitor for developing frailty or after a frailty intervention, such as pulmonary rehabilitation, to gauge the response. Given that many candidates waiting for lung transplant are geographically dispersed, the SI offers an advantage compared with other measures of frailty because it is amenable to remote monitoring.
Sarcopenia is a complex syndrome that is associated with muscle mass loss, alone, or in conjunction with increased fat mass. Sarcopenia is thought to be mainly due to deranged regulation of protein synthesis and myogenesis and increased skeletal muscle cell proteolysis and apoptosis. It is essential to emphasize that sarcopenia is defined on the basis of two distinct characteristics of muscle: function and mass. These two characteristics are often correlated but can also be dissociated. Some patients with low muscle mass have reasonable muscle function, and some with age-appropriate muscle mass have substantial decreases in their daily functions. In addition, gaining muscle mass does not automatically translate to improved muscle strength and endurance. Sarcopenia index is designed for estimation of muscle mass rather than muscle function. Although we were able to confirm a statistically significant correlation between SI and functional capacity (6MWD: r = .39 (95% CI 0.03-0.67); P = .04), we did not have data available to evaluate the correlation of SI and muscle function.
Among patients with advanced lung disease, several factors such as muscle disuse, hypoxemia, malnutrition, inflammation, and chronic use of glucocorticoids contribute to muscle wasting and sarcopenia. 13 In a study of patients with chronic obstructive pulmonary disease, forced expiratory volume in 1 second, sex, plasma level of tumor necrosis factor α, and physical inactivity were independently correlated F I G U R E 2 Linear regression between sarcopenia index and L3 level skeletal muscle cross-sectional surface area (SA). Shaded area shows the 95% CI Because height and weight are used in LAS calculation, the reported statistically significant correlation could be due to collinearity between BMI and LAS.
T A B L E 2 Pearson correlation coefficient (r) among sarcopenia index and other measures of severity of illness, muscle mass, and function with muscle strength and endurance. 29 Conversely, lung structure and functional changes have been commonly reported among patients with sarcopenia. 30, 31 Dyspnea is a common consequence of sarcopenia among patients with advanced lung diseases. 32, 33 A systematic review of 18 studies in lung transplant patients found that muscle mass and strength are reduced in both the pretransplant and posttransplant periods. 34 The prevalence of sarcopenia in lung transplant candidates on the waiting list has been estimated to be 35%. 2 On the basis of the current literature, it is clear that muscle mass and sarcopenia among lung transplant candidates are clinically relevant.
Multiple studies have demonstrated that measured muscle mass is associated with post-lung transplant outcomes. As previously stated, low muscle mass has been associated with increased mortality rates and LOS, 1 as well as increased duration of mechanical ventilation and ICU LOS in lung transplant patients. 3 Likewise, Lee et al 35 reported longer post-transplant recovery among lung transplant recipients who had lower thoracic muscle SA. In another study of measured thoracic muscle SA in lung transplant candidates (N = 527), increased muscle mass was associated with increased 6-minute walk distance and shorter post-transplant hospital LOS. 36 Finally, an investigation of lung transplant candidates (N = 50) showed that deficits in muscle mass occurred less frequently than did shortcomings of muscle strength or physical performance. 37 In addition, patients who had more than one deficit (muscle mass or functional domains) had lower pretransplant 6-minute walk distance and longer post-transplant hospital LOS, although there were no differences in post-transplant 6-minute walk distance or mortality rate. Although most of the current evidence indicates that lower muscle mass is associated with worse outcomes, Lee et al 35 reported a significantly higher 1-year post-transplant mortality rate among those who had higher thoracic muscle SA measured by CT (54% in the fourth quartile vs 33.3% in the first quartile; P = .04). The authors attributed this finding to a higher BMI among those with larger muscle mass, which is considered a pretransplant risk factor for increased posttransplant mortality rates although other factors like the higher rate of interstitial pulmonary fibrosis among those with the greatest crosssectional skeletal muscle surface area (85% in the 4th quartile in comparison with 36% in the 1st quartile) could explain their findings. 35, 38 Balancing pretransplant risk factors is an important part of lung transplant candidate screening. 39 In the United States, the patients are listed based on the computation of the LAS, which is a composite score of multiple variables to predict transplant urgency. 28 Among these variables are height and weight-surrogate indicators of nutritional status. Neither these variables nor the calculated BMI, however, correlate consistently with muscle mass. 40 Although muscle mass appears to be a unique predictor of post-transplant outcomes, it is currently not a factor in transplant selection, nor is it reflected in the LAS.
To gain a more accurate measure of muscle mass, clinicians could use more advanced radiologic tests such as dual-energy absorptiometry, magnetic resonance imaging, or abdominal CT, 14, 41, 42 but these tests are costly, can be time-consuming, and involve radiation. Indeed, the standard cost of sarcopenia index is 25.68 US dollars and the cost of abdominal CT scan without contrast is 151.81 US dollars. Therefore, despite their promise, they have not been routinely adopted into transplant selection.
In a kidney transplant cohort, low serum creatinine (as a surrogate for muscle mass) has been used in transplant selection to predict posttransplant death and graft failure. 43 The lung transplant population differs from the kidney transplant population, however, in that they will clear creatinine at a higher rate. Therefore, creatinine value alone is unlikely to be a sufficient surrogate for muscle mass.
Our study has several limitations. First, the study was retrospective and was conducted at a single center, and many patients were excluded because they did not have available CT images. In addition, the CT and measured serum creatinine and cystatin C were not necessarily synchronous. It is possible that some patients had changes in muscle mass between the CT and the blood tests. Most of our patients were white, and the proportion of patients with COPD was higher than previously 
| CONCLUSION
In this retrospective study of lung transplant candidates, we found a significant correlation between muscle mass measured by CT and estimated skeletal muscle mass via the SI. Hence, following prospective validation in a larger cohort of lung transplant candidates, SI could potentially be used as a replacement for muscle mass measurement by the abdominal CT scan. Given the importance of frailty, muscle mass, and sarcopenia in predicting lung transplant outcomes, practitioners are seeking a method to screen for frailty during lung transplant evaluations. The SI will need to be studied further in larger cohorts to examine its utility in predicting lung transplant outcomes. If our results are confirmed, the SI may be useful in clinical practice as a readily available, inexpensive, safe measurement that is amenable to repeated tests over time.
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